Acute brain slice preparation is a powerful experimental model for investigating the characteristics of synaptic function in the brain. Although brain tissue is usually cut at ice-cold temperature (CT) to facilitate slicing and avoid neuronal damage, exposure to CT causes molecular and architectural changes of synapses. To address these issues, we investigated ultrastructural and electrophysiological features of synapses in mouse acute cerebellar slices prepared at ice-cold and physiological temperature (PT). In the slices prepared at CT, we found significant spine loss and 2 reconstruction, synaptic vesicle rearrangement and decrease in synaptic proteins, all of which were not detected in slices prepared at PT. Consistent with these structural findings, slices prepared at PT showed higher release probability and higher detectability of long-term depression after motor learning compared with slices prepared at CT. These results indicate substantial advantages of the slice preparation at PT for investigating synaptic functions in different physiological conditions.
Introduction
The living acute brain slice preparation has been developed and extensively used as a powerful experimental model for investigating the structural and functional characteristics of synaptic connectivity of neuronal circuits in the brain [1] [2] [3] [4] [5] . The acute slice preparation is readily accessible for electrophysiological and optical recording, and expected to retain the cytoarchitecture and synaptic circuits in vivo except for the long-range projections. In general, to prepare acute brain slices, a whole brain is dissected out from an animal and quickly immersed into ice-cold (< 4 °C) cutting solution to slow down the metabolic activity in tissue blocks, which are sliced by a microtome at ice-cold temperature (CT). The slices are then pre-incubated in artificial cerebrospinal fluid (ACSF) warmed at physiological temperature (PT, 35-37 °C) for up to 1 hour to recover the neuronal activities prior to electrophysiological or optic recordings 5, 6 . The preparation method of acute brain slices at CT, however, causes alterations of molecular and cellular components of neurons. For example, exposure of hippocampal slices to CT induces disassembly of microtubules and eliminates dendritic spines in neurons 7, 8 . Although re-warming of the hippocampal slices revives microtubule structures in neurons, excessive proliferation of the dendritic spines results in a higher density of synapses than that observed before cooling. Slicing at CT and subsequent incubation at 37 °C also reduces the protein level of α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptors (AMPARs), which mediate synaptic transmission and plasticity, in lysates of the acute hippocampal slices of rats 9 . These artificial modifications may cause disadvantages of brain slicing at CT for investigating synaptic features.
Recently, a method for acute slice preparation at PT has been developed to improve the quality of cerebellar slices in aged rodents 10 . In the cerebellar slices from aged rat (> 2 months-old) prepared at PT, Purkinje cells (PCs) survived better than those in slices prepared at CT without altered intrinsic excitability of the cells. Another study reported that the slice preparation at PT enhanced the cellular viability and mitochondrial activities in rat hindbrain slices compared with the preparation at CT 11 . Although these reports suggest some advantages of the acute slice preparation at PT (warm-cutting method), quantitative differences in electrophysiological, molecular biological and ultrastructural properties of synapses in the brain slices prepared at CT and PT have not been examined.
To clarify which parameters of synaptic architecture and functions are affected in slices prepared at CT and PT, we investigated various ultrastructural and electrophysiological features of synapses in acute cerebellar slices prepared at CT and PT using electron microscopic (EM), super-resolution microscopic and electrophysiological techniques in acute cerebellar slices. We show that the conventional cold-cutting method causes loss and reemergence of dendritic spines, rearrangement of synaptic vesicles in nerve terminals and decrease in both pre-and postsynaptic proteins such as AMPARs and P/Q-type voltage-gated Ca 2+ channels (Ca V 2.1). In contrast, the acute cerebellar slices prepared at PT showed no significant changes in these features during the recovery time, and also less difference from perfusion-fixed tissue, indicating that the warm-cutting method can preserve the synaptic functions through the preparation process better than the cold-cutting method.
We also demonstrate that long-term depression (LTD) in mouse cerebellum caused by adaptation of horizontal optokinetic response (HOKR) is better preserved in slices prepared at PT than at CT, indicating that the synaptic plasticity induced in vivo may be partially reset by the cold-cutting method through the loss and reconstruction of spine synapses. Altogether, our quantitative analysis suggests strong advantages of the warm-cutting method over the conventional cold-cutting method for investigating synaptic functions. This method facilitates a wide range of neuroscience research, especially for synaptic plasticity induced in vivo.
Results

Influence of the temperature during slice preparation on electrophysiological properties in synaptic transmission
We first examined whether different temperatures during slicing affect electrophysiological properties of synaptic transmission in parallel fiber-Purkinje cell (PF-PC) synapses in mouse cerebellum using whole-cell patch-clamp recording. The cerebellar slices (coronal, 250-300 µm thick) were prepared in ice-cold (< 4 °C) or warmed (35-37 °C) sucrose-based cutting solution to minimize the disruption of the spine structure 8 , and then pre-incubated in normal ASCF warmed at 37 °C for 1 h as a recovery time. Electrical stimulation applied to the PF in the molecular layer evoked an excitatory postsynaptic current (evoked EPSC) on the recorded PC. The amplitude of the evoked EPSCs increased depending on the stimulation intensity showing no significant difference between the two temperatures ( Fig.1a -b, Table.S1). The mean amplitude, 10-90% rise time, or decay time constant of evoked EPSCs also remained unaffected ( Fig.1c , Table. S1).
We then compared release probability (P r ) of PF-PC synapses between the cold-and warm-cut slices using mean-variance (M-V) analysis 12, 13 . For the parabola fitting, P r was altered by simply changing extracellular Ca 2+ concentration ([Ca 2+ ] out , 1.5 to 4 or 6 mM) in ACSF, or by the addition of 4-aminopyridine (10 μ M) to attain the highest P r (Fig.1d-f ). The M-V analysis revealed 5 significantly higher P r at 2 mM [Ca 2+ ] out in warm-cut slices compared to cold-cut slices (P = 0.01, Welch's t-test) (Fig.1g , Table. S1). The quantal size of synaptic transmission estimated from the M-V analysis showed no significant differences between them ( Fig.1g , Table.S1 ). These results indicate that the temperature during slice preparations influence the machinery of neurotransmitter release but has little effect on the kinetics of postsynaptic events.
Dendritic spine density of Purkinje cells in cerebellar slices prepared at ice-cold and physiological temperature
It has been reported that the exposure of hippocampal slices to CT causes spine loss and beading of the dendrites, and re-warming of the chilled slices induces proliferation of spine structures 8 .
Although these structural changes can be minimized by the replacement of NaCl in the cutting solution to sucrose 8 , the risk of the ultrastructural reorganization of spines remains.
Since the loss and proliferation of postsynaptic dendritic spines were prevented by slicing of the hippocampus at room temperature 14 , we hypothesized that slicing of the cerebellum at PT may also prevent the potential reorganization of PC spines. To address this point, we examined differences in density of spines along PC dendrites in acute cerebellar slices prepared at CT and PT. Since the spine density of PC dendrites is too high to measure accurately by conventional confocal microscopy (6-7 spines/µm) 15, 16 , we examined it by acquiring z-stacks of tissue volumes with resolution increase in all three spatial directions (3D) by stimulated emission depletion (STED) microscopy. To image isolated single PC dendrites for estimating the spine densities, we used the MADM-11 mouse model expressing green fluorescence protein (GFP) in a small subset of PCs 17 .
The acute slices (parasagittal, 200 µm thickness) were immersion-fixed immediately after slicing (0 h) or after 1-h recovery time in normal ACSF at 37 °C (1 h). PCs were immunolabeled with an anti-6 GFP antibody and a secondary antibody combined with a dye suitable for high-performance STED imaging (Abberior STAR RED) ( Fig.2a -c). The density of dendritic spines immediately after slicing was significantly lower by 40% in the cold-cut slices than that in the perfusion-fixed tissue (P < 0.01) ( Fig.2d , Table. S2). After 1-h incubation at 37 °C for recovery, the spine density increased and reached the same level as observed in the perfusion-fixed tissue. In contrast, the spine density in the warm-cut slices showed no significant difference compared to that in the perfusion-fixed tissue and remained unchanged through the recovery time. These observations suggest substantial reorganization of the dendritic spines during slicing at CT and recovery at 37 °C. In contrast, the spine structure can be kept stable in the warm-cutting method.
Synaptic vesicle distribution in presynaptic boutons of parallel fibers in cerebellar slices
Synaptic vesicles (SVs) at nerve terminals are accumulated at active zones (AZs) for rapid neurotransmitter release. Cytoskeleton including actin filament and microtubules contributes SV gathering and mobility 18, 19 . The dynamics of the cytoskeleton induced by their polymerization/depolymerization is highly temperature-dependent, and exposure of the cytoskeleton to cold temperature disrupts actin filaments and microtubules 20 . These observations indicate a possibility that exposure of brain slices to cold temperature causes rearrangement of SVs in nerve terminals. To address this, we next observed SV distributions in serial ultrathin sections (40 nm thick) by EM in the presynaptic PF boutons in the acute cerebellar slices (parasagittal, 200 µm thick) prepared at CT or PT (Fig.3a) . The area of the presynaptic AZs defined as the membrane facing postsynaptic density (PSD) was not significantly different between perfusion-fixed tissues and acute slices prepared at CT and PT, and between slices immersion-fixed immediately after slicing (0 h) and after 1h-incubation at 37 °C (1h) ( Supplementary Fig.1a ). The numbers of docked 7 SVs (dSVs) near AZs membrane within 5 nm ( Fig.3b ) were linearly correlated with the AZ areas in all conditions ( Supplementary Fig.1b ). The total SV numbers were also not significantly different between these preparations ( Fig.3c , left). In acute slices at 0 h, the number of dSVs showed no significant difference between perfusion-fixed tissues and slices prepared at CT or PT ( Fig.3c , middle), though their density in slices prepared at PT was significantly higher than that in the perfusion-fixed tissues ( Table.S3 , Fig.3c , right). At 1h, the dSV number and density in the cold-cut slices significantly increased and reached higher levels than those in perfusion-fixed tissues (Table.S3 , Fig.3c , middle and right). The density in the cold-cut slices after 1-h recovery was significantly larger compared to the other preparations ( Table.S3 ). In contrast, the docked SV number and density in the warm-cut slices showed no significant changes during the incubation at 37 °C. These results suggest that the SV distribution in nerve terminals is reorganized in the coldcutting method, while the warm-cutting method can keep the SV distribution stable during acute slice preparation.
Pre-and postsynaptic protein distribution in PF-PC synapses
It has been reported that rat hippocampal slices prepared at CT have reduced protein levels for AMPARs, especially GluA1 and GluA3 subunits after incubation at 37 °C 9 . Besides, the cytoskeleton including actin filaments works as an anchor and/or a trafficking pathway for membrane-associated proteins and regulates the distribution of proteins including AMPARs at the postsynaptic membrane 21 . These reports indicate a possibility that the amount and distribution of membrane-associated proteins at pre-and postsynaptic sites are altered through the brain slice preparation at CT. To investigate the two-dimensional distribution of synaptic proteins contributing synaptic transmission in the AZ and postsynaptic area of PF-PC synapses, we performed SDS-digested freeze-fracture replica labeling (SDS-FRL) for AMPAR (GluA1-3), GluD2, RIM1/2, and Ca V 2.1 (Fig.4 ). The cerebellar slices prepared at CT and PT (parasagittal, 200 µm thick) were immersion-fixed immediately after slicing (0 h) or after the 1-h recovery in ACSF at 37 °C (1 h) and were frozen using high pressure freezing machine for fracturing. Postsynaptic areas on the exoplasmic face (E-face) and presynaptic AZs on the protoplasmic face (P-face) in freeze-fracture replica samples were identified with aggregation of intramembrane particles at the electron microscopic level as described previously [22] [23] [24] . To identify PF-PC synapses in replica samples of the molecular layer, labeling for GluD2 or vesicular glutamate transporter 1 (VGluT1) were used as markers 24, 25 . Immunogold particles for GluA1-3 were highly concentrated in the postsynaptic areas labeled for GluD2, while those for RIM1/2 and Ca V 2.1 were concentrated in the AZs of VGluT1labeled presynaptic profiles as previously described 24, 26 (Fig.4a ).
For the quantitative analysis of protein distributions on pre-and postsynaptic membranes, we measured the density of immunogold particles for each protein within the synaptic areas ( Fig.4b , Table. S4). AT 0h, labeling for GluA1-3 showed no significant difference between preparations including perfusion-fixed tissues. However, after the recovery time, the GluA1-3 labeling in slices prepared at CT was significantly lower than that in the perfusion-fixed tissue (P < 0.05) (Table. S4, Fig.4b ). In contrast, GluA1-3 labeling in the slices prepared at PT was similar to that in perfusionfixed tissues both at 0 h and 1 h. The labeling for GluD2 showed no significant differences between these preparations. For RIM1/2 at AZs, the labeling density in the slices prepared at CT temporarily decreased after slicing and recovered during the recovery time. The RIM1/2 labeling in the warmcut slices was similar to that in perfusion-fixed tissue and kept constant during the recovery. For Ca V 2.1 at AZs, the labeling in cold-cut slices was significantly lower than that in the perfusionfixed tissue (Table. S4, Fig.4b ) and only partially recovered after the 1-h recovery time, whereas the warm-cut slices showed no significant differences in Ca V 2.1 labeling between these preparations ( Fig.4b) . These results indicate that the exposure of the brains to cold temperature alters synaptic protein distribution at both pre-and postsynaptic sites, and some of these changes do not recover by the incubation of slices at 37 °C for 1 h. The warm-cutting method can circumvent these problems.
Long-term plasticity induced by HOKR adaptation
The changes of synaptic properties during recovery time may affect the measurement of synaptic plasticity occured in vivo. Thus, we finally tested cold-and warm-cutting methods for detectability of LTD induced in vivo using a simple model of cerebellar motor learning. LTD of PF-PC synapses is associated with decreases in the number of synaptic AMPARs 16 and reported to be a primary cellular mechanism of adaptation of horizontal optokinetic response (HOKR) in mouse 27 . One hour HOKR training induced a transient AMPAR reduction by 28% in PF-PC synapses in the flocculus 16 , which controls horizontal eye movement 28 . This result predicts a reduced EPSCs in PF-PC synapses after HOKR adaptation. Indeed, a further study using conventional acute slice preparation showed the decrease in quantal EPSC amplitude of PF-PC synapses in the flocculus of mice after HOKR training, but the reduction was below 10%, much lower than the value expected from the reduction of AMPAR density 29 .
Our study of SDS-FRL showed that the AMPAR density on postsynaptic sites in acute cerebellar slice prepared at CT but not PT was significantly lower after the recovery than that in the perfusionfixed preparation (Fig.4b ). This result could indicate a higher sensitivity in warm-cut slices to detect the quantal EPSC amplitude changes in the flocculus induced by the HOKR training. To examine this possibility, we recorded spontaneous miniature EPSC (mEPSC) from PCs in the flocculus after 1-h HOKR training. Continuous horizontal optokinetic stimulation enhanced the eye movement of the trained mice, and the gain of HOKR, which was defined as the amplitude of eye movement divided by the screen movement significantly increased by 62% (1 min: 0.54 [0.43-0.56], n = 10; 60 min: 0.78 [0.75-0.80], n = 10, P < 0.01) ( Fig.5a ). We sacrificed the trained mice within 1 min after the training, and sliced the cerebellum (coronal, 250-300 µm thick) in the cutting solution at CT or PT within 30 min after the decapitation. Then we used the slices for mEPSC recordings immediately after slicing (warm-cut slices) or after the 1-h recovery at 37 °C in normal ACSF (cold-cut slices) (Fig.5b) . The mean amplitude of mEPSC in control was not significantly different between the cold-cut and the warm-cut slices, but the amplitude in cold-cut slices varied more than that in warm-cut slices (CV: 0.24 for CT, 0.11 for PT, Fig.5e-f ). The frequency of spontaneous mEPSCs recorded from PCs in the flocculus was not significantly changed by the HOKR training in both cold-and warm-cut slices (Fig.5b ). The mEPSC frequency in the cold-cut slices was significantly higher than that in the warm-cut slices for both control and trained animals ( Fig.5e -f, in the warm-cut slices ( Fig.5d and f, Table. S5), consistent with our previous finding of decrease in AMPARs by 28% 16 . The amplitude in the cold-cut slices also showed a tendency to decrease but the difference did not reach statistical significance ( Fig. 5c and e, Table. S5). The higher detectability of LTD in the warm-cut slices compared to cold-cut slices indicates an advantage of the warm-cutting method for investigating synaptic plasticity induced by behavior experiments.
Discussion
In this study, we show that brain slice preparation at PT better preserves molecular and ultrastructural properties of synapses compared to the conventional slice preparation at CT. These results suggest strong advantages of warm-cutting method for investigating synaptic functions.
Acute brain slice preparation at PT
Here we prepared mouse cerebellar slices at CT and PT and compared the synaptic properties in these tissues. The brain in cutting solution at PT was softer than that at CT, so we needed to adjust the parameters of the slicers for the warm-cutting method (see Methods). The parameters may need to be adjusted for each brain region, age and also species of animals.
Preservation of synaptic properties in acute brain slices prepared at PT
To investigate synaptic functions in brains, synaptic properties in acute brain slices should be kept as close as those in the intact brain. In the present study, AMPAR and Ca V 2.1 in the cold but not warm-cut slices showed significantly lower densities than those in the perfusion-fixed tissue.
Although some of the structural parameters of the synapse in perfusion-fixed tissue can be altered by formaldehyde fixation 30, 31 , we used the same fixative, temperature and time of fixation to compare these properties between perfusion-fixed tissues and immersion-fixed acute slices.
Assuming similar effects of chemical fixation between these preparations, our study suggest that the warm-cutting method preserves molecular and structural properties of synapses better than the conventional cold-cutting method. We also found that PF-PC synapses in the cold-cut slices have higher mEPSC frequency than that in warm-cut slices. Although larger P r may increase the frequency of mEPSCs, P r measured by M-V analysis in cold-cut slices is significantly smaller than that in warm-cut slices, which is consistent with the reduced Ca V 2.1 density at AZs in cold-cut slices. Readily releasable pool (RRP) size of SVs also correlates with mEPSC frequency, and the number of dSVs may indicate RRP size 32, 33 . Thus, the increased number and density of dSVs after the recovery in cold-cut slices could contribute to the higher mEPSC frequency. Another possibility is instability of molecular machinery for neurotransmitter release in cold-cut slices contributing to the higher frequency of mESPCs. Although functional properties of synapses in truly intact brains in vivo are mostly unknown, our findings indicate that brain slices prepared at PT have an advantage in preserving the synaptic function compared to those prepared at CT.
Changes of molecular and structural properties of synapses during recovery time in cold-cut brain slices
Another advantage of the warm-cutting method is the stability of synaptic properties during the slice preparation. The PC spine density values obtained with 3D STED microscopy are comparable with those obtained by high-voltage EM 16 and 3D EM reconstruction analysis 15 , indicating the reliability of our data. We found that 40% of spines along PC dendrites disappeared after slicing at CT and then recovered after 1-h recovery time, consistent with previous studies on the spine reorganization in acute hippocampal slices 7, 8 . Brain slicing at CT also modifies SV distributions in synaptic boutons and the density of RIM1/2, a SV-associated protein at AZs, which recover after 1h incubation time at 37 °C. In contrast, cerebellar slices prepared at PT can keep these post-and presynaptic features stable throughout the slice preparation. Consequently, brain slices prepared at PT can be used immediately after slicing for the electrophysiological experiments as a "ready-touse" slice preparation. This is a major advantage especially for investigating synaptic plasticity induced in behavioral experiments as discussed below.
Application of warm-cutting method for investigating synaptic plasticity induced by behavior experiments
In acute slices prepared at PT, the reduction of mEPSC amplitude in PCs induced by HOKR training was larger than that in the cold-cut slices. Why is the difference more detectable in warmcut slices than in cold-cut slices? One possibility is the difference in variation of mEPSC amplitude.
The CV value of mEPSC amplitude in cold-cut slices was larger than in warm-cut slices, which could be due to high variability of quantal size in the reconstructed spine synapses. Another possibility is that LTD in synapses induced by the training might be partially reset through the spine reconstruction after slicing at CT. AMPAR density is regulated by various proteins including enzymes (e.g. CaMKII and PP2A) and actin 34, 35 , and exposure to cold temperature reduces metabolic activity of these enzymes and also depolymerizes actin filaments 20 . Cooling and rewarming of brain tissues might reset the activities of these proteins reorganizing AMPAR distribution on postsynaptic membrane and obscure the plastic changes occurred in vivo. Lastly, earlier timing of measurements with the warm-cut slices after the training in vivo could contribute to the better detection of synaptic plasticity lasting less than a few hours.
In summary, we demonstrate that the warm-cutting method has substantial advantages over the conventional cold-cutting method, e.g. highly preserved synaptic properties, stability of synaptic properties through the preparing processes, and "ready-to-use" acute slice preparation, for investigating synaptic functions. These advantages should facilitate a wide range of neuroscience research, especially for synaptic plasticity induced in vivo.
Materials and Methods
Animals
Animal experiments were conducted in accordance with the guideline of Institute of Science and Technology Austria (IST Austria) (Animal license number: BMWFW-66.018/0012-WF/V/3b/2016).
Mice were bred and maintained in the Preclinical Facility of IST Austria. Unless otherwise noted, C57BL/6J mice of either sex at postnatal (P) 4-6 weeks were used in this study. Bath temperature was kept within the desired range (below 4 °C for CT, 35-37 °C for PT) by adding cold water with crushed ice or warm water into the bath of the slicer and was monitored throughout the cutting procedure with a thermometer. Slices were then maintained in the standard ACSF 
Acute brain slice preparation
Fixations
We used three types of fixative solutions; 2.5% glutaraldehyde and 2% paraformaldehyde (PFA) in We observed the stained dendrites within tens of micrometer from the surface of the tissues.
Super-resolution fluorescence imaging with STED microscope
Individual dendritic spines of PCs were manually counted using FIJI software (distributed under the General Public License). 
Serial ultrathin sectioning with electron microscopy
Antibodies
Rabbit polyclonal antibodies against AMPA receptor subunits were raised against synthetic peptides with the following sequences: anti-GluA1-3, (C)VNLAVLKLSEQGVLDKLKSKWWYDKGE (residues 760-786 of mouse GluA1), anti-GluA1, (C)SMSHSSGMPLGATGL (residues 893-907 in the C-terminal intracellular region of rat GluA1), anti-GluA3, (C)NEYERFVPFSDQQIS (residues 394-408 in the N-terminal extracellular region of rat GluA3), and anti-GluA4, (C)GTAIRQSSGLAVIASDLP (residues 885-902 in the C-terminal intracellular region of rat GluA4). Mouse monoclonal anti-GluA2 was raised against the synthetic peptide (C)YKEGYNVYGIESVKI (residues 869-883 in the C-terminal intracellular region of rat GluA2). Affinity-purified antibodies were obtained from antisera using respective antigen peptides.
Mouse anti-actin antibody was obtained from BD Biosciences.
Plasmids
Full-length rat GluA1 and GluA2 cDNAs were subcloned into pcDNA3 (plasmid vector, Invitrogen) to generate pc3-GluA1 and pc3-GluA2. In addition, full-length murine GluA3 and GluA4 cDNAs were subcloned into pRK5 (plasmid vector) to generate pRK5-GluA3 and pRK5-GluA4. The specificity of the GluA1-3 antibody was checked by Western-blotting ( Supplementary Fig.2 ).
Transfection and immunoblot analysis
For GluD2 labeling, polyclonal guinea pig antibody for GluD2 (4.1 µg/ml) was used 16, 24 . For the labeling of RIM1/2 and Ca V 2.1 subunit of voltage-gated calcium channel, rabbit polyclonal antibody for RIM1/2 (5.0 μ g/ml, Synaptic Systems) and guinea pig polyclonal antibody for Ca V 2.1 (4.1 μ g/ml, provided by Masahiko Watanabe) 38, 39 were used respectively, with mouse monoclonal antibody for VGluT1 (5.0 µg/ml, NeuroMab) as a marker of PF boutons 25 . The replicas were then washed three times with TBS with 0.1% BSA and incubated with the secondary antibodies conjugated with gold particles (5 or 15 nm diameter, goat IgG, BBI) dissolved in TBS with 2% 20 BSA (1:30) overnight at 15 °C. After immunogold labeling, the replicas were washed with TBS with 0.1% BSA (twice) and distilled water (twice) and picked up onto a grid coated with pioloform.
Images (20-25 images per replica) were obtained under TEM (Tecnai 10) with iTEM (OSIS) or RADIUS and analyzed with FIJI software to calculate the density of gold particles defined by the particle number divided by PSD/AZ area. PSD and AZs were indicated with the aggregation of intramembrane particles on the replica at the electron microscopic level as described previously 22, 23, 24 . 
Whole-cell patch-clamp recording
where I and σ 2 represent the mean amplitude and variance of EPSCs, respectively, q denotes mean quantal size and N denotes the number of release sites. CV I and CV II mean the coefficients of intrasite and intersite quantal variability respectively, assumed to be 0.3 12 . In this method, assuming that σ 2 arises entirely from stochastic changes in P r , q can be estimated from the initial slope of the parabola, Nq from the larger X intercept of the parabola, and P r can be estimated as I/Nq.
Horizontal optokinetic response (HOKR) training and miniature EPSC recording
HOKR was recorded as described previously 25 CT or PT. The cold-cut slices were pre-incubated in standard ACSF at 37 °C before recording. The warm-cut slices were immediately used for patch-clamp recording without recovery step in ACSF.
Spontaneous miniature EPSC (mEPSC) events were recorded with the same procedure for the evoked EPSC recording as described above. The ACSF during the recordings contained 4 mM 
Statistical Analysis
Unless stated otherwise, all data were presented as median (interquartile range [IQR] shows a significantly higher value than that from the cold-cut slices (n = 8 cells, P < 0.05, Welch's t-test), whereas no significant difference in quantal size was detected between slices prepared at CT and PT (CT: n = 6 cells, PT: n = 8 cells, P = 0.96). 
Figure Legends
